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An experimental investigation of the propagation characteristics of shock waves in an inhomogeneous dusty
plasma is carried out in the Dusty Plasma Experimental (DPEx) device. A homogeneous dusty plasma,
made up of poly-dispersive kaolin particles, is initially formed in a DC glow discharge Argon plasma by
maintaining a dynamic equilibrium of the pumping speed and the gas feeding rate. Later, an equilibrium
density inhomogeneity in the dust fluid is created by introducing an imbalance in the original dynamic
equilibrium. Non-linear wave structures are then excited in this inhomogeneous dusty plasma by a sudden
compression in the dust fluid. These structures are identified as shock waves and their amplitude and width
profiles are measured spatially. The amplitude of a shock structure is seen to increase whereas the width
broadens as it propagates down a decreasing dust density profile. A modified-KdV-Burger equation is derived
and used to provide a theoretical explanation of the results including the power law scaling of the changes in
the amplitude and width as a function of the background density.
I. INTRODUCTION
A dusty plasma, consisting of electrons, ions and
micron/sub-micron sized charged dust particles, provides
an excellent medium for the study of collective phenom-
ena as it supports a wide variety of linear and nonlinear
waves and coherent structures. During the past cou-
ple of decades, extensive theoretical and experimental
studies have been carried out on the excitation of lin-
ear modes like Dust Acoustic Waves (DA)1, Dust Ion
Acoustic (DIA) waves2, Dust Lattice Waves3, non-linear
modes like Dust Solitary (DS) waves4–6, Dust Acoustic
Shock (DAS) Waves7–9 and various coherent structures
like voids10, vortices11 etc.. Dust Acoustic Shock Waves
(DASW)7,9,12 constitute an important class of non-linear
waves that are frequently found to be excited in labo-
ratory dusty plasmas as well as in astrophysical dusty
plasmas13–15. Shock waves are highly non-linear struc-
tures, which form with a characteristic sudden jump in
any one of the physical parameters such as pressure, ve-
locity, temperature and density. These nonlinear waves
get excited when the dissipation (due to collisions or vis-
cosity) in the medium plays a significant role along with
non-linearity and dispersion. In dusty plasmas, dissipa-
tion can arise either from frequent dust-neutral collisions
or dust-dust coupling effects. In a weakly coupled dusty
plasma, the dissipation comes primarily from the kine-
matic viscosity due to frequent dust-neutral collisions
and/or dust charge fluctuations, whereas for a strongly
coupled dusty plasma the bulk and shear viscosity play
a crucial role in providing dissipation.
Dust acoustic shock waves have been studied
extensively by many researchers worldwide both
theoretically16 and experimentally7,9,12. Samsonov et al.
reported shock formation in a Radio frequency (RF) pro-
duced 3D complex plasma under microgravity conditions
in the PKE-Nefedov device17. Heinrich et al.7 observed
a)Electronic mail: garimagarora@gmail.com
self-excited dust acoustic shock waves in a direct current
glow discharge dusty plasma that was generated when
the dust cloud went through two slits. Nakamura et. al.9
and Jaiswal et al.8 reported experimental observations of
bow shock and oscillatory shock structures, respectively,
in flowing dusty plasmas when the dust fluid was made to
flow supersonically around a stationary charged object.
It is to be noted that all these experiments were carried
out in a homogeneous dusty plasma medium. However,
in an experimental situation, the presence of density in-
homogeneity is likely to be significant when one performs
experiments in a large sized dusty plasma medium. In the
literature there exist a very limited number of theoretical
works devoted to the study of shock waves propagating
in an inhomogeneous plasma medium18,19. They show
that due to the presence of inhomogeneities in the plasma
density, the relationships between amplitude, width and
Mach number of shock waves deviate significantly from
those obtained in a homogeneous medium.
Tadsen et al.20 performed experiments to investigate
the dependence of the amplitude of spontaneously
excited dust acoustic waves in an inhomogeneous plasma
having spatial variations of dust charge, ion density,
and dust density. To the best of our knowledge, no
experiments have been done so far to examine the
nature of propagation of dust acoustic shock waves in
an inhomogeneous medium. In this paper we report
on a first such experiment carried out by us to observe
the temporal behavior of dust acoustic shock waves
as they propagate in an inhomogeneous dusty plasma
medium. Our experimental results show that the
amplitude and width of these shock structures increase
when they propagate down a decreasing density profile
of the dusty plasma medium. The increase is inversely
proportional to the decrease in the background density
in a fractional power law manner. We provide a qual-
itative theoretical understanding of the experimental
results by constructing a modified-KdV-Burger model
equation that includes dissipation effects arising from
both dust neutral collisions and dust-dust coupling
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2induced viscosity.
The paper is organized as follows: in Sec. II the experi-
mental set-up and details of the experimental procedure
are described. Sec. III contains the experimental findings
and a brief discussion on them. A theoretical model to
describe the experiments are discussed in Sec. IV. Sec. V
provides a summary and some concluding remarks.
II. EXPERIMENTAL SET-UP AND PROCEDURE
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z
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FIG. 1. A schematic diagram of dusty plasma experimental
(DPEx) device.
These experiments are performed in an inverted Π-
shaped Dusty Plasma Experimental (DPEx) Device21.
Fig. 1 gives a schematic of the DPEx device showing the
various radial and axial ports that are used for different
experimental needs. The pumping port attached to a ro-
tary pump through a gate valve is used to evacuate the
chamber whereas the gas port is connected with a flow
meter to feed Argon gas into the vessel in a controlled
way. A disc shaped anode and a tray shaped grounded
cathode serve as electrodes for the generation of a plasma
whereas micron sized poly-dispersive particles of diame-
ter 2-5 µm are used to create a dusty plasma. Two SS
cuboid-shaped strips are placed on the cathode in order
to confine the charged dust particles in the axial direc-
tion. One of these axial confinement strips is kept at the
right edge of the cathode whereas the other one is placed
at a distance of 28 cm from the first one. The upturned
sides of the 6 cm wide cathode tray provide radial con-
finement. A biased copper wire is mounted radially on
the cathode (approximately 20 cm away from the right
edge of the cathode) to confine the dust particles axially
between the right confining strip and the wire. For a
more detailed description of the device and the attached
diagnostics the reader is directed to Ref.21. In the present
set of experiments, the copper wire is always kept at the
ground potential. A Direct Current (DC) power sup-
ply is used for the production of a glow discharge Argon
plasma.
To start with, the chamber is evacuated with the help
of the rotary pump to attain a base pressure of p ∼ 0.1
Pa and later the working pressure is set to p ∼ 11 Pa by
adjusting the dynamic equilibrium of the pumping speed
and the gas flow rate. In this configuration, the gate
valve is opened at ∼ 20% whereas the gas flow meter is
opened at 5%. An Argon discharge plasma is then initi-
ated by applying a DC voltage V ∼ 330 V at this work-
ing pressure. Plasma parameters such as plasma density
(ni) ∼ 1.5×1015 /m3, electron temperature (Te) ∼ 4 eV,
floating potential (Vf ) ∼ 290 V and plasma potential
(Vp) ∼ 310 V with respect to the grounded wire are mea-
sured, in the absence of dust particles, by using a single
Langmuir probe and emissive probe. The measurement
techniques and the axial profiles of different plasma pa-
rameters over the range of discharge conditions are pre-
sented in detail in Ref.21. As soon as the plasma is initi-
ated, the dust particles of radius (rd) ∼ 1− 2.5 µm that
are sprinkled on the cathode tray prior to the discharge,
get negatively charged and levitate in the cathode sheath
region by a balance of the sheath electrostatic force and
gravitational force in the vertical direction. The vertical
height of the cloud bottom varies in the range of 1.3 cm
to 1.7 cm depending on the discharge conditions, whereas
the vertical width of the cloud is always between 1 cm to
1.2 cm. The repulsive interactions among the negatively
charged dust particles in the radial direction can be nul-
lified by the strong radial confinement force provided by
the cathode edges. However, the repulsive interaction in
the axial direction is taken care of by the grounded cop-
per wire and the right strip. The force balance in axial,
radial and vertical directions creates an equilibrium dust
cloud. The average mass of the levitated dust particles
is md ∼ 8.8× 10−14 kg and the charge (Qd) acquired by
these micro particles at this discharge condition is ∼ 104e
estimated from a Collision Enhanced Plasma Collection
(CEC) model22,23 for particles of average radius 2.0 µm.
Depending upon the mass (md) and charge (Qd) of the
particles and the vertical cathode sheath electric field
(E(y)), the micron-sized polydispersive particles levitate
at different heights by balancing the gravitational force
(acting in the downward direction) and the electrostatic
force (acting in the upward direction for the negatively
charged dusty particles). Since md ∝ r3d and Qd ∝ rd
(provided Te remains constant), one can conclude from
the force balance condition that the particles of the same
size should levitate at the same height, y, provided the
electric field remains the same over the axial extent at
that height. We have also experimentally confirmed that
E(y) (which corresponds to the slope of the plasma po-
tential) and Te remain nearly constant at different axial
locations for a given set of discharge conditions. This
3is in agreement with our earlier observations as reported
in21. A perfectly aligned parallel thin laser sheet (in x-z
plane) of width 1 mm illuminates a central slice of the
dust cloud consisting of particles of the same size for a
given set of discharge conditions. The dynamics of the
dust particles are captured by a fast CCD camera having
a frame rate of 200 frames/s with a spatial resolution of
42 µm/pixel.
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FIG. 2. (a) An experimental image of equilibrium dust
cloud with linear decreasing dust density. (b) Intensity profile
extracted from fig. 2 (a).
Since, these experiments are aimed at investigating the
propagation characteristics of non-linear waves in an in-
homogeneous dusty plasma, we adopt the following se-
quence of procedures. First a uniform dusty plasma is
created between the sheaths of the grounded wire and the
right confinement strip by maintaining a dynamic equi-
librium of the pumping speed and the gas feeding rate.
We then alter this equilibrium by changing the pump-
ing speed to create a pressure gradient. This causes a
neutral flow towards the grounded wire and a concomi-
tant flow of the dust particles due to the neutral drag
force24,25 leading to an accumulation of the dust parti-
cles near the wire. Thus a second dynamic equilibrium
state is reached that is maintained by the pressure gradi-
ent and the electrostatic repulsion of the sheath around
the wire. The whole cloud is still confined between the
wire and the right strip due to the sheaths at the two
ends but now has a nonuniform distribution of particles.
Fig. 2(a) displays such a dynamic equilibrium state of
the dust cloud with a clear indication of the dust density
gradient, where the number of particles are more near the
grounded wire and less towards the edge of the cathode.
It is to be noted that the dust density is inferred from the
pixel intensities of an image even in the case of polydis-
perse particles, provided the size of the dust particles in
a particular layer remains the same. This is a standard
technique used in the past by several researchers7,26. As
mentioned in Sec. II, the particles of same size from the
range of polydispersive particles levitate in the particular
layer by the balance of gravitation force and the cathode
sheath electric force. As we are shining the laser in a
particular x-z plane by keeping y-position fixed, it es-
sentially means that we are capturing the scattered light
mostly from monodisperse particles that exist in a par-
ticular layer. In Fig. 2(a) the dust cloud near the wire
is not constituted of smaller dust particles; instead, the
number of particles (of the same size) per unit volume is
maximum there. Due to the higher dust density in that
region, the camera is unable to identify them as separate
particles.
The intensity profile of equilibrium dust cloud and the
corresponding fitted curve is shown in fig. 2(b). The pixel
intensity in fig. 2(b) is plotted by averaging the intensi-
ties of 50 pixels in the vertical direction. The area for
which the average intensity is calculated is shown by a
dashed rectangle in fig. 2(a). This rectangle essentially
shows that all the dark spaces (outside the rectangle) of
the image does not contribute to the calculation of aver-
age pixel intensity. The region of interest is fitted by the
solid line in fig. 2(b), where the intensity decreases mono-
tonically if one goes to the right away from the wire. It
is worth mentioning that the laser light is kept perfectly
parallel to the cathode so that the light scattered from
dust particles is not re-scattered from the other planes
of the dust cloud. We have taken care that the camera
does not saturate while capturing the images of the equi-
librium dust cloud and the excitations of dust acoustic
shock waves. We have also verified that the image inten-
sity is linear with the dust number density by checking
that the camera has a linear response with no offset.
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FIG. 3. Equilibrium dust density (solid line) constructed
from the intensity profile as shown in Fig. 2 and few measure-
ments of dust density (closed circles) at z ∼ 18− 32 mm.
The equilibrium spatial density profile is constructed
with the help of the intensity profile shown in fig. 2(b)
and a few measurements of dust density in the tail part of
the dust cloud (z ∼ 18− 32 mm). The particles are well
resolved in this spatial region, which allows us to measure
the dust density (see the closed circles in fig. 3). Dust
density (ndo = 3/4pid
3) is estimated from the information
of inter-particle distance (d) which is defined as the aver-
age distance from the reference particle to the neighbor-
ing particles. We have selected a reference particle at a
particular axial location and measured the distance to all
its neighboring particles and calculated the average value.
4To improve the statistics in the measurements, again a
new reference particle is chosen at the same axial loca-
tion but a different x position, and the same procedure is
performed to get the statistical mean and standard devi-
ation. The statistical error on the measurements of the
dust density at the axial location 18-26 mm are quite high
since the resolution is very poor. By assuming the linear
response of the camera and using the measured values of
dust density near z ∼ 18 − 32 mm, the intensity profile
(solid line of fig. 2(b)) is then calibrated to dust density
profile (see the solid line in fig. 3) in the region where the
light intensity decreases linearly. As shown in fig. 3, the
equilibrium dust density falls nearly monotonically from
∼ 2× 1010/m3 to ∼ 0.7× 1010/m3.
As a third step, shock waves are excited in this nonuni-
form dusty plasma medium by creating a sudden jump
in the dust density. The compression in the dust den-
sity near the grounded wire is generated by momentarily
flowing the dust fluid from right to left using a Single Gas
Injection (SGI) technique. In this technique, the dynamic
equilibrium is further perturbed by a short pressure pulse
to excite the dust density waves. The pressure pulse is
generated by tweaking the gas flow at the Gas Port (as
shown in Fig. 1) for a short interval (∼ 500 ms). Due
to the abrupt pressure drop near the gas port, the neu-
trals rush axially towards the pump and carry the dust
particles along from right to left25. When the gas flow
rate is restored to its initial value the dust particles come
back to their original positions. The details of this tech-
nique of flow generation in the dust fluid and measure-
ments of the flow velocity are available in greater detail
in Ref.24. As discussed above, when the gas flow rate is
restored to its initial value, the dust particles come back
to their initial positions and the dust cloud takes the orig-
inal shape. The short intense density perturbation gives
rise to a large amplitude propagating dust acoustic wave
which takes the form of a nonlinear propagating wave
train of shock structures - an asymmetric waveform of
connected saw-teeth structures27. The wave forms prop-
agate an average distance of 30-40 mm over 0.20-0.35 s
with a velocity ranging from 5-12 cm/s depending upon
their amplitude and width. For the present set of dis-
charge conditions, the dust neutral collision frequency
(νdn) comes out to be ∼ 11 Hz28, whereas the wave fre-
quency of linear dust acoustic waves is measured to be
∼ 21 Hz. However, it is to be noted that the wave is
sustained for approximately 1.5 to 2 s after the initial ex-
citation by the gas which is almost one order higher than
the damping time (2/νdn) ∼ 180 ms, for a linear wave.
Partly this is due to the nonlinear nature of these waves
and the growth they experience as they travel down the
density gradient but could also be possibly due to the
additional energy drive from streaming ions present in
the experiment. The details of these excited nonlinear
structures and their propagation characteristics in the
in-homogeneous dust density are discussed in Sec. III.
(a)
X-
Po
si
tio
n 
(m
m
) 0
2.12
4.24
6.36
8.48
Z-Position (mm)
0 10 20 30 40
In
te
ns
ity
 (a
rb
)
0
50
100
(a)
(b)
FIG. 4. (a) Experimental image of density crests in an inho-
mogeneous dust cloud. (b) Intensity profile of high amplitude
density crests extracted from fig. 4(a). The arrow represents
the direction of propagation of the shock fronts.
III. EXPERIMENTAL RESULTS
A typical snapshot image of the series of excited Dust
Acoustic Shock Waves (DASWs) in an inhomogeneous
dusty plasma is shown in Fig. 4(a), whereas Fig. 4(b) rep-
resents the corresponding intensity profiles of the density
crests of DASWs. One can see clearly from both the sub-
plots that these structures have different amplitudes and
widths at different axial locations (along the Z-direction).
In addition, it can also be seen that the distance between
the crests of the structures keeps on increasing as one
moves away from the wire. The sharpness of the peaks,
the high compression factor, the saw-teeth nature of their
individual density profiles and their high propagation
speeds (∼ 5 − 12 cm/s) compared to the dust acous-
tic speed (∼ 1.5− 3.5 cm/sec) indicate that these struc-
tures are indeed non-linear shock formations. To examine
the symmetricity of the wavefronts, we have calculated a
symmetric parameter, defined as the ratio (R) of the half
widths at half maximum. We have chosen five wavefronts
widely separated and located at a different axial location
for a given frame and then estimate R for these wave-
fronts for 20 frames. For our experimental wave forms,
the value of R comes out to be ∼ 1.204− 1.402, whereas
its value varies within∼ 0.912−1.024 for the case of linear
dust acoustic waves29 and ∼ 0.954−1.006 for the case of
non-linear dust acoustic waves26,30. In contrast to these
linear and nonlinear waves, the value of R for dust acous-
tic shock waves yields a higher value of R ∼ 1.62 − 2.05
over time7. It essentially ensures that the structures ex-
cited in our experiments are indeed asymmetric in shape
and significantly deviate from the conventional symmet-
rical structures observed in the excitation of linear or
nonlinear dust acoustic waves like solitons and cnoidal
waves. These nonlinear dust acoustic saw-teeth struc-
tures are formed due to a sudden change in the dust
density near the wire. They actually constitute a nonlin-
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FIG. 5. Sequence of images: (a) Stable unperturbed in-
homogeneous dust cloud, (b–e) spontaneously excited dust
acoustic waves in the compressed dust cloud, (f–i) excitation
and propagation of nonlinear shock waves and (j) image of
dust cloud when the gas flow rate is restored.
ear traveling wave with steepened crests - in other words
a wave train with saw-teeth shaped periodic (shock27)
structures. This is the nonlinear state of a dust acoustic
plane wave excited by the perturbation induced by the
act of density compression near the wire and its subse-
quent relaxation. The sequence of events is as follows
(see Fig. 5): In the initial stage (depicted in Fig. 5(a))
when the inhomogeneous dust cloud is not perturbed
there is no spontaneous excitation of any dust acoustic
waves (DAWs). Fig. 5(b)–(e) show that the nonlinear
DAW excitation occurs after the dust density is momen-
tarily compressed near the wire to create a large density
perturbation and as this perturbation moves down the
density gradient. Once excited the nonlinear DAW con-
tinues to be generated and to travel from left to right at
a speed a few times larger than the dust acoustic speed
as shown in Fig. 5(f)–(i). Fig. 5(j) shows that the dust
cloud takes approximately its original shape and posi-
tion (other than the excitations) when the gas flow rate
is restored. We do not fully understand what causes the
continuous generation of the wave after the initial pertur-
bation ceases but we do observe them experimentally for
a long time. A possible continuous driver of these waves
could be the ion streaming which is always present in
our experiment31 because of asymmetric configuration of
the electrodes. The streaming of ions can be the energy
source sustaining the nonlinear wave propagation once
the pressure perturbation has initiated the large ampli-
tude DAW. It is worth mentioning that these nonlinear
structures are not solitary waves as they do not maintain
a constant solitonic parameter (Amplitude × Width2)
over time as seen in earlier experiments of Samsonov et
al.5. Instead, one can see from Fig. 4(a) and (b) that the
higher amplitude density crests get excited with higher
width, which clearly show that these excited structures
are not Dust Acoustics Solitary Waves.
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FIG. 6. (a) Time evolution of shock wave front in space.
(b) Variation of amplitude and width of that particular shock
front in space as shown in Fig. 6(a).
To study the modification in the propagation charac-
teristics due to the inhomogeneity in the equilibrium dust
density, we carry out a detailed analysis of the evolution
of the dust acoustic shock waves when they are excited
in an inhomogeneous dusty plasma. Figure 6(a) shows
the time evolution of one of the shock fronts in intervals
of 0.1 s. The shock front is represented by the density
compression factor, defined by the standard expression
nd(z)/ndo(z) ∼ I(z)/Io(z)7,32, where nd(z) is the instan-
taneous dust density and ndo(z) is the background equi-
librium dust density at the same z-location, whereas I(z)
and Io(z) are the intensities of the perturbed dust cloud
and background equilibrium dust cloud, respectively. It
is clear from the figure that the shock front propagates
from left to right (i.e. away from the wire) and while
propagating, the compression factor nd/ndo of that par-
ticular shock front increases due to the decrease in the
6dust density. Figure 6(b) shows a quantitative analysis
of the amplitude and width of shock wave front while
it propagates. One can clearly see that the amplitude
of a particular shock front increases and width broadens
up in the course of propagation. In addition, as seen in
Fig. 6(a), the wave front progressively travels longer dis-
tances (7.90 mm, 10.73 mm and 11.4 mm) for a given
time duration of 0.1 s. It essentially indicates that the
wave front propagates with a higher velocity as it moves
through a lower density medium. As is well known from
theoretical and experimental studies of nonlinear waves
like cnoidal waves, solitons etc., the speed of a nonlin-
ear wave depends on its amplitude12,33–35. The change
in amplitude is inversely proportional to the equilibrium
values of both the dust charge and the dust density as
discussed in past theoretical studies19,36,37. Thus the ex-
istence of a density gradient and charge gradient can
change the amplitude and thereby change the velocity
of the wave. The two gradients are related - a dust den-
sity gradient can lead to a dust charge gradient23. In
our experiments, the dust density drops from 2×1010 to
0.7×1010 /m3 over a distance of 35 mm. Using the Col-
lision Enhanced Plasma Collection (CEC) model23 we
have calculated the corresponding change in dust charge
over the same distance and found it to change from
1.5×10−15 to 1.53×10−15 C. Thus while the percent-
age change in dust density is ∼ 65% the corresponding
change in charge is only ∼ 2%. Therefore the influence of
the dust charge density can be taken to be negligible and
the principle effect on the amplitude comes from the den-
sity gradient - it increases as it travels towards a region of
lower density and consequently its speed increases. This
is consistent with the experimental observation.
The shock parameters, namely the amplitude and the
width are obtained by following the technique used by
Heinrich et al.7 and Annibaldi et al.32. For a given z, the
amplitude is estimated by nd/ndo− 1, whereas the shock
width (or thickness) is defined as the difference between
the steep edge point and the peak point of a shock front.
It is to be noted that all the shock fronts are considered
for different experimental shots and their amplitudes and
widths are calculated by binning the space along the axial
direction and this is plotted in Fig. 7. It shows that as the
shock waves propagate from higher density (nearby the
wire) to lower density (far away from the wire), both the
amplitudes (see Fig. 7(a)) and the widths (see Fig. 7(b))
follow the same increasing trend. These present findings
are in contrast to a homogeneous dusty plasma where it is
found that both the amplitude and width of shock waves
decrease in course of time due to the presence of strong
dissipation in the medium7. However in our experiments,
the wave train with its large amplitude (due to the man-
ner of its excitation) is highly nonlinear and experiences
both growth (due to propagation in a decreasing den-
sity gradient) and damping due to dust-dust correlations
(viscosity) and dust-neutral interactions (collisions). The
combination of these factors lead to a propagating steady
state wave form with the characteristics of an asymmet-
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FIG. 7. Variation of (a) amplitude and (b) width of shock
fronts along z-position.
ric (steepened) wave form that we observe in the exper-
iments. The increasing profile of shock amplitude is in
agreement with past theoretical predictions of Zhang et
al.19. However, the increasing trend of shock thickness
(width) with the density inhomogeniety has not been ob-
served or studied earlier.
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FIG. 8. Spatial variation of compression factors obtained
experimentally and theoretically.
In order to distinguish between the inhomogeneity ef-
fects on a linear perturbation and that on a nonlinear
7structure like our present shock structures we have com-
pared the plot of the experimental compression factor
with that of a hypothetical linear compression factor as
it propagates in an inhomogeneous medium. The com-
pression factor of a linear perturbation would increase as
n−1d by the very definition of the factor. This is shown
in Fig 8 where the curve with ‘o’ symbol represents the
estimated compression factor of a linear wave propagat-
ing down a density gradient. The ‘*’ symbol shows the
experimentally obtained compression factor of the shock
fronts at different spatial locations and the trend shows
a significant deviation from the linear result thereby es-
tablishing that the propagation characteristics of the dust
acoustic shock wave is distinctly different in an inhomo-
geneous medium as compared to a linear wave. The solid
line fitted to the experimental data shows the scaling of
the peak amplitude (ndmax/ndo) to be proportional to
1/(ndo)
5/4. The amplitude scaling is similar to that pre-
dicted theoretically by Singh et al.36,37 for nonlinear dust
acoustic waves.
IV. THEORETICAL MODELLING
To model our experimental results, we have derived
analytically a modified KdV-Burger equation in an in-
homogeneous dusty plasma. As discussed in Sec. II and
Sec. III, our experimental conditions ensure that there
are no significant axial variation of dust size and dust
charge in the dust layer under investigation. We have
therefore only considered the effect of dust density gra-
dient in the theoretical model to study the propagation
characteristics of dust acoustic shock waves in an inho-
mogeneous dusty plasma. Furthermore the experimental
results pertain to shock front propagation in the axial
direction only and so our theoretical model is restricted
to one dimensional wave motion. For the dust acous-
tic wave dynamics the inertia of electrons and ions can
be neglected as they are lighter than the dust compo-
nent. Under these conditions, the electrons and ions are
governed by Boltzmann distributions defined by their re-
spective temperatures Te and Ti as:
ne = neoexp(
eφ
Te
), (1)
ni = nioexp(
−eφ
Ti
), (2)
where φ is the electrostatic potential. It has been re-
ported in the earlier experiments of Jaiswal et al.21 that
the plasma density remains nearly constant along the ax-
ial direction. Hence, the equilibrium electron (neo) and
ion (nio) densities are taken to be constant in the the-
oretical model. In the theoretical model, the dust par-
ticle motion is assumed to be adiabatic and as a result,
we use the γ-model to express the dust pressure (pd) as
∇pd = γdTd∇nd, where γd, Td and nd are the adiabatic
constant, the dust temperature and the instantaneous
dust density respectively The governing fluid equations
for such a system can be written as:
∂nd
∂t
+
∂(ndvd)
∂x
= 0, (3)
∂vd
∂t
+ vd
∂vd
∂x
− Zde
md
∂φ
∂x
+ νdnvd + γdv
2
td
1
nd
∂nd
∂x
=
ηl
nd
∂2vd
∂x2
,(4)
∂2φ
∂x2
+ 4pie(ni − ne − Zdnd) = 0, (5)
where vtd =
√
Td
md
and nd, vd, φ,md, Zd, vtd are the den-
sity, velocity, electrostatic potential, mass, charge, and
thermal velocity of the charged particles respectively.
The dust velocity vd used in the continuity and momen-
tum equations (in Eqns. 3 and 4) is the instantaneous
velocity of the perturbed dust fluid element - the pertur-
bation that leads to the formation of the nonlinear dust
acoustic wave. In the model calculation we have ignored
the gas flow velocity assuming it to be much smaller
than the dust acoustic speed36,37. The other parame-
ters come from the background properties of the medium
with νdn, ηl, ni, ne, representing the dust-neutral col-
lision frequency, viscosity and the background electron
and ion densities respectively. The coupling between the
dust particles provides bulk viscosity38 in the medium
which plays the role of dissipation. Due to this reason,
the strong coupling induced viscosity is included in the
momentum equation. In addition, the effect of frequent
dust neutral collisions is also considered in the momen-
tum equation (Eq. 4) through the inclusion of the fourth
term, by which the waves experience collisional damping
while propagating.
A suitable set of stretched coordinates for the inhomo-
geneous plasmas can be defined by
ξ = 1/2
(∫ x dx′
λ(x′)
− t
)
, η = 3/2x, (6)
where  is the smallness parameter and λ is the veloc-
ity of the moving frame which can be determined self
consistently ηo = 
1/2ηl and νdn = 
3/2νo. Since we are
considering only spatial gradients so,
∂ndo
∂ξ
= 0;
∂λ
∂ξ
= 0;
∂φo
∂ξ
= 0;
∂vdo
∂ξ
= 0. (7)
Using equations (6)–(7) into equations (3)–(5) we obtain
the continuity equation in the form,
− λ∂nd
∂ξ
+
∂(ndvd)
∂ξ
+ λ
∂(ndvd)
∂ξ
= 0, (8)
and the momentum equation becomes,
8−λ2 ∂vd
∂ξ
+ λvd
∂vd
∂ξ
+ vdλ
2 ∂vd
∂η
− Zdeλ
md
∂φ
∂ξ
− Zdeλ
2
md
∂φ
∂η
+
λγdv
2
td
nd
∂nd
∂ξ
+
λ2γdv
2
td
nd
∂nd
∂η
+ λ2νovd =
ηo
nd

∂2vd
∂ξ2
+
2ληo
2
nd
∂2vd
∂ξ∂η
− ηo
2
nd
∂λ
∂η
∂nd
∂ξ
+
ηo
3
nd
∂2vd
∂η2
,
(9)
The Poisson equation is now given as:

∂2φ
∂ξ2
+ 22λ
∂2φ
∂ξ∂η
− 2 ∂λ
∂η
∂φ
∂ξ
+ 3λ2
∂2φ
∂η2
(10)
+ 4piλ2
(
nioexp(
−eφ
Ti
)− neoexp(eφ
Te
)− Zdnd
)
= 0.
We next expand the dependent variables nd, vd and φ in
terms of the smallness parameter  as
ψ = ψo + ψ1 + 
2ψ2 + ... . (11)
The first order equations in  of continuity, momentum
and Poisson equation leads to the self consistent relation,
λ = vdo +
√
(C2da + γdv
2
td), (12)
where µ =
√
(C2da + γdv
2
td). In order to derive a modi-
fied KdV Burger equation for the in-homogeneous dusty
plasma we equate the coefficients of 2 to zero. The final
modified KdV-Burger (m-KdV-Burger) equation govern-
ing the shock propagation in a nonuniform dusty plasma
can be expressed by:
∂nd1
∂η
+A
∂3nd1
∂ξ3
+Bnd1
∂nd1
∂ξ
+ C
nd1
2
= D
∂2nd1
∂ξ2
. (13)
The terms of Eq. 13 having the coefficients A, B and D
Z-Position
In
te
ns
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(a
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)
FIG. 9. Typical shock wave trains obtained from the nu-
merical solution of m-KdV-Burger equation. Inset shows the
same that is obtained experimentally.
represent dispersive, non-linear and dissipative contribu-
tions that normally appear in the KdV Burger equation.
The term proportional to ‘C’ in the model equation arises
due to the dust density inhomogeneity and dust-neutral
collisions. The detailed expressions for the coefficients
are:
A=
1
2ndoCda
,
B=
C3daTe
2n2doZde
[
1
Z2d
(σ2einio − neo)−
3Zdndo
C4da
]
,
C=
1
2ndo
∂ndo
∂η
+
νo
2Cda
,
D=
ηo
2C3dando
.
As the background dust density (ndo) is a function of the
axial distance all the coefficients including Cda are also
functions of the axial distance. In Eq. 13 as well as in the
above coefficients, normalized quantities are used where
space is normalized by
√
0kBTe
nioe2
, time is normalized by√
md0
nioe2
, velocity is normalized by
√
kBTe
md
and density is
normalized by nio. The normalizations are the same as
used in references36,37 with 0 and kB being the permi-
tivity of free space and Boltzmann constant, respectively.
While calculating the above coefficients, we have used the
experimental values of Te = 4eV, nio = 1.5 × 1015 m−3,
Zd = 10
4, ν0 = 11 Hz, η0 = 0.2
8 and σei = Te/Ti = 133
for Ti = 0.03 eV. A general solution of this equation,
even numerically, is quite challenging. So to make some
progress and make contact with the experimental results,
we have solved this equation locally for constant coeffi-
cients at different points of the density profiles and corre-
sponding different values of the coefficients. Fig. 9 shows
typical such numerical solutions of Eq. 13, by assuming a
uniform dusty plasma with a density value corresponding
to the experimental value at z = 12 mm (solid line) and
z = 21 mm (dashed line). In other words, the solutions
are obtained by calculating the corresponding values of
A, B, C and D for these two points and assuming them
to remain constant. These plots show that the mod-
ified KdV-Burger equation admits solutions that qual-
itatively describe the profile of our experimentally ob-
served sawteeth structures and represent nonlinear prop-
agating wave trains27 resulting from the balance of non-
linear steepening, nonlinear growth due to the inhomo-
geneity, dispersive broadening and dissipative damping
due to dust-dust correlations and dust neutral collisions.
The inset in Figure 9 shows the experimentally obtained
profile of a single shock front extracted from the exper-
imental image shown in Fig. 4(a). One can see that the
numerically obtained profile of a single shock front is very
similar to that of the experimental profile. To see the
change in amplitude as well as the width of the sawtooth
9profile as a function of z we have used such local solutions
over the entire range of the density profile, namely from
2.0 × 1010 to 0.7 × 1010 /m3, and plotted the values of
the amplitudes and widths in Fig. 10. The corresponding
values of the coefficients vary in the range A = 0.0383 to
0.1466, B = 0.4595 to 1.7588, C = 0.4931 to 0.7648 and
D = 0.0008 to 0.0073. One can now clearly see, that as
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FIG. 10. (a) Amplitude and (b) Width profile estimated
from the numerical solution of m-KdV Burger equation.
in the experiments, the amplitude and width of a sin-
gle shock structure increases when it propagates down
the density gradient. Thus the m-KdV Burger model
provides a good qualitative description of the present ex-
perimental results.
V. SUMMARY AND CONCLUSION
To summarize, we have carried out for the first time
a systematic experimental study on the excitation and
propagation of non-linear dust acoustic shock waves in
an inhomogeneous dusty plasma. The experiments were
done in the Dusty Plasma Experimental (DPEx) device
in which a direct current glow discharge Argon plasma
was formed. A dusty plasma of kaolin particles was
then formed in between an axial confining strip and a
grounded copper wire which was installed radially at the
midway of the cathode. The inhomogeneity in the dust
density was then created by inducing an imbalance of
the dynamical equilibrium between the pumping speed
and the gas flow rate. A sudden increase of dust density
was created by compressing the dust cloud using a
single gas injection technique that led to the excitation
of a series of nonlinear structures. These structures
are characterized by a high compression factor, sharp
peaks and a single saw-tooth like profile which are all
signatures of a shock wave. The amplitude and the
widths of these shock waves are measured along the
axial direction from the wire where the equilibrium
dust density falls monotonically. It is found that the
amplitude increases and width broadens up as the shock
structure propagates down the dust density gradient.
To provide some theoretical understanding of our exper-
imental findings we have developed a model equation in
the form of a modified KdV-Burger. The model takes
account of the density in inhomogeneity of the dust
component, the bulk viscosity due to dust-dust coupling
and damping due to dust-neutral collisions. Numerical
solutions of this equation at various density values show
spatial profiles as well as variations in the amplitude
and width of shock like structures that closely resemble
the experimental results. Our results, obtained under
controlled laboratory conditions, can help in extending
our basic understanding of shock structures in inhomo-
geneous media and may also find useful applications in
the interpretation in related phenomena in astrophysical
situations.
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supports the findings of this study are available within
the article.
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